We excite exciton-polariton condensates in half-moon shapes by the non-resonant opti cal excitation of GaAs-based cylindrical pillar microcavities. In this geometry, the 1r-jump of the phase of the condensate wave function coexists with a gradual ±1r phase variation between two horns of the half-moon. We switch between clockwise and counter-clockwise phase currents by slightly shifting the excitation spot on the surface of the pillar. Half moon condensates are expected to reveal features of two-level quantum systems similar to superconducting flux qubits.
Introduction
The orbital angular momentum (OAM), that is an extrinsic degree of freedom of a stationary light beam is in the focus of our study. In the last couple of decades, OAM of light attracts much interest as a prospective entity for application in quantum computation and commu nication [1, 2] . The average OAM being a collective degree of freedom, i.e. characterizing a macroscopic (multi-particle) quantum state, offers a remarkable advantage over single-particle characteristics for information storage and processing. It is topologically protected against de coherence processes including those caused by dissipation, scattering and noise effects [3] . The loss or dephasing of individual photons does not lead to the loss of spatial coherence of the whole state.
states characterized by OAM of+ 1/2 and -1/2. This pair of states may be used as a basis for a polariton qubit that is similar to the well-known flux qubits based on superconducting circuits with embedded Josephson junctions [20] .
Polariton condensate formation
Schematically the creation of the half-moon polariton condensate is illustrated in Fig. l(a) . Figure l(b) presents the energy transfer scheme in the system. The sample under examination is a cylindrical pillar of a diameter of 25 µm etched from a planar 5>-../2 AlGaAs distributed Bragg reflector microcavity with an ensemble of embedded quantum wells. The measured cavity quality factor is Q ;:::;:; 16000. Due to the strong coupling of quantum well excitons with cavity photons confined in the structure growth direction, the structure supports two new eigenmodes split in energy. These are exciton polariton modes that form the upper and lower dispersion branches (pink and light blue curves in Fig. l(b) , respectively). Fo r creating a condensate of the lower branch polaritons, we use the non-resonant pumping scheme [16] . The linearly polarized optical cw pump beam coming from the Ti:sapphire laser and being characterized by an energy far above the exciton resonance (about 110 meV above the minimum of the lower polariton branch) creates a reservoir of incoherent excitons. Due to the stimulated scattering, the reservoir excitons relax to the polariton state at the bottom of the lower dispersion brunch. Since at the non-resonant pumping, the spin and orbital characteristics of light do not transfer to the ground polariton state directly, we do not imprint any specific phase to the condensate with the pump laser.
The condensate of polaritons in a pillar is described by a single many-body wave func tion w(r). If the pump beam is coaxial with the pillar, the rotationally symmetric ring-shaped ground polariton state is formed with a uniform phase that does not vary in the area of the pillar, see [15] . The exciton cloud localized under the pump beam creates an effective potential for polaritons repelling them from the centre of the pillar. In a non-conservative system, the localized pump and spatially distributed losses cause polariton flows, which are characterized by the vector field J = (i/2) ('1iv''1i* -'1i*v''1i). The spontaneous or induced breaking of the ro tational symmetry, e.g. due to the specific combination of the landscape of the static potential and the position of the pump spot, can lead to the formation of persistent ring current states of polaritons, characterized by the non-zero quantized OAM per particle [16] . The latter can be formally found from the vector flow field as e = L z /N, where L z = J (xo y l y -yo x / i; )dr is the actual OAM and N = J l'111 2 dr is the population of the condensate.
In the recent paper [21] , some of the present authors proposed the concept of a polariton flux qubit. We have predicted theoretically that the intro duction of a weak link in the circular polariton current pins a node of the condensate wave function leading to a jump of the con-densate phase by 1r. The resulting current states are characterized by a fractional OAM. In this Letter, we report on the experimental realization of the polariton current states with a fractional OAM in half-moon polariton condensates. The key difference in the geometry of our present experiment and the experiments reported in Refs. [15, 16] is the position of the pump spot. In contrast to the previous works, here we deliberately shift the pump beam from the centre of the pillar in such a way that the ring trap transforms to the C-shape one. The pump creates the potential barrier that plays the role of a weak link in a ring-shape superfluid circuit of exciton polaritons formed in the regime of polariton lasing. Figure 1 ( c) shows schemati cally the anticipated angular distributions of the magnitude and phase of the condensate wave function. The phase jumps by 1r at the node of the wave function pinned to the barrier.
Although in a geometry characterized by the broken rotational symmetry OAM is not obliged to be integer, the overall variation of the condensate phase around the pillar still needs to be a multiple of 21r. The introduced barrier acts as a phase delay line which imprints the phase jump within the condensate density gap. In Fig. l(d) , we schematically show the phase variation of the polariton current states, which correspond to the overall phase variation of zero, which forms the pair of lowest energy eigenstates of our system.
Half-moon polariton condensates
In Fig. 2 , we present the experimental evidence for the formation of a polariton condensate characterized by a fractional OAM f, > 0. The pronounced crescent shape of the steady state polariton density in Fig. 2 (a) is a result of the displacement of the pump beam by a sub micrometer distance to SW from the center of the pillar. In the Supplemental material, we show that despite of the apparent complicated shape of the polariton density, the latter can be safely separated into the azimuthal and radial components.
To reveal the phase structure of the half-moon polariton condensate, we have studied the interference pattern formed by the photoluminescence signal emitted by the condensate with the coherent spherical reference wave of the same frequency, see Fig. 2 (b). The reference wave was obtained by magnifying the peripheral part of the condensate emiss ion and guiding it through a converging lens spaced from the image plane by the distance exceeding its focal length. The smooth variation of the phase of the polariton condensate in the most part of the perimeter of the pillar results in the appearance of concentric fringes in the interferogram. The smooth patterns are broken in the vicinity of the deep in the polariton density. The observed abrupt shift of the interference fringes is caused by the jump of the phase between the horns of the half-moon condensate. Figures 2( c)-2( e) confirm this observation. Adapting the extended Fo urier-transform method described in [16] for the case of closed-fringe patterns, we extract from the interferogram in Fig. 2 (b) the phase of the condensate emission relative to that of the reference wave, see Fig. 2 ( c). The variation of the phase of the polariton condensate along the closed pass on the crest of the condensate density is shown in Fig. 2( d) . The full reconstruction of the phase of the half-moon condensate <.p(r, 0) is shown in Fig. 2 (e). One can see that the anticipated phase jump by approximately +1r between the horns of the half-moon is unambiguously observed. Herewith, the phase decreases roughly linearly with the increase in the azimuthal angle outside the condensate density deep.
To visualise the polariton phase current in the half-moon condensate, in Fig. 2 (f), we plot the vector field J. To extract it from near-field photoluminescence and interferometry images, we represent the polariton condensate wave function as w(r, 0) = n 1 1 2 (r, 0) exp [i<.p(0)], see the Supplemental material for details of the fitting procedure for the polariton density n( r, 0) and the phase <.p( 0). The reconstructed wave function allowed us to estimate the OAM per particle for the observed current state as e :=;j +0.5. The vector field winds around the centre of the pillar. However, in contrast to the current states with an integer OAM (e.g. in [16] ), the magnitude of the field of the fractional OAM state varies as a function of the azimuthal angle. It drops down to zero with the decrease of the polariton density.
Experimentally, we were also able to obtain the half-moon condensate with a negative OAM, f, < 0, see Fig. 3 . To do this, we shifted the pump beam to NW from the centre of the pillar. In this case, the observed polariton density variation between the horns of the condensate is sharper than in Fig. 2(a) . Nevertheless, the azimuthal density distribution is well described by the same analytical function with different fitting coefficients. As for the radial component of the condensate wavefunction, the discrepancy in the shapes of the functions that provide the best fit for the two experiments is less than one percent, so that it can safely be neglected, see the Supplemental material. In a full similarity to the case of f, � +0.5 condensate analyzed above, we performed the interferometry measurements followed by the restoration of the phase of the condensate, see Figs. 3(b )-3( e). The jump of the phase by approximately -7!" is apparent on the angular dependence of the condensate phase <.p( 0). Outside the break point, the dependence <.p(0) is non-linear and it differs from one shown in Figs 2(d)-2(e). Still, its monotonic increase with the increase of 0 away from the condensate density deep is an unambiguous proof of a counter-clockwise phase current.
In Fig. 3 (f) we plot the polariton flow field J using the reconstructed wave function of the f, < 0 state. Due to the more pronounced inhomogeneity of the considered OAM state, the density of field lines is significantly higher near the maximum of the polariton density than near the polariton density deep. Nevertheless, despite of such a difference in the flow field structure, the two states are characterized by almost similar absolute values of the OAM per particle: for the f, < 0 condensate state, we estimate the OAM per particle as f, � -0.5.
Both the density and the phase structures of the observed half-moon polariton condensates are very stable. Once emerged in the cw experiment, the condensate density distribution or the broken spiral interference pattern remain unchanged during the observation.
In order to distinguish the observed half-quantum orbital states of half-moon condensates from the half-quantum vortices previously studied in planar micro cavities [22] , we have analyzed the polarisation-resolved near-field photoluminescence spectra of our system. The experimen tally measured spa tially resolved polarization (Stokes vector) components, B x , S y and S z , are presented in Fig. 4 for the states f � 0. It is clearly seen that the polariton density is almost homogeneous in all polarizations within the area of the pillar occupied by the condensate, herewith the linear component B x is the most pronounced in both experiments. These polarization measurements allow us to rule out half vortex states as a possible origin of the observed fractional OAM of the polariton condensate. According to the previous studies, half-vortex states are characterized by an integer quantized vortex in one circular polarization component coexisting with no vorticity in the other circular component [23] [24] [25] [26] . Our measurements show no such features.
Discussion
The considered polariton system forms a robust optically controlled solid-state platform for implementation of a quantum register. The discussed half-integer OAM states representing a macroscopic superposition of current states are valuable candidates for the realisation of flux qubits that would play a role of the building blocks of the register.
If the rotational symmetry of potential is preserved, OAM of the polariton condensate in a pillar holds integer values [16] . Herewith, the different OAM states (including the stationary state with f = 0) are separated in energy from each other by the Galilean transformation due to the variation of the phase around the pillar centre [27] . The inclusion of the weak link, regardless of its origin, breaks the Galilean invariance and leads to the appearance of a node in the condensate wave-function. The newly established polariton flow eigenstates are characterized by half-integer OAM, that makes them analogous to the clockwise and counter-clockwise current states formed by a swarm of Cooper pairs in a superconducting circuit with an embedded Josephson junction [28] [29] [30] . Circuits of superfluid polariton currents demonstrate a very similar physics to superconducting circuits used in flux qubits. Half-integer orbital momenta states of a polariton condensate demonstrated here may be considered as two projections of the polariton flux qubit. Superposition states of clockwise and counter-clockwise phase currents would be characterized by oscillating trajectories on a surface of the Bloch sphere as discussed in [21] . The unambiguous observation of robust half-quantum polariton currents of both signs reported here is a decisive step forward towards the realisation of a polariton flux qubit.
We would like to emphasize the advantages of the polariton flux qubits based on polari ton half-moon condensates, over many other implementations of qubits. The orbital angular momentum of a condensate is a macroscopic degree of freedom. It is based on the collective coherent phenomenology of polariton currents flying along closed trajectories. In contrast to qubits based on intrinsic quantum states of a single particle, the OAM qubits are topologically protected against dephasing caused by losses and dephasing of individual quantum particles.
Polariton qubits also offer an advantage of a relatively simple optical read-out. This favourably distinguishes them from superconducting flux qubits, which require extremely sensi tive magnetometers to minimize the perturbation to the qubit state when performing so called "weak measurements" for the read-out.
Moreover, the operational temperature of polariton flux qubits is expected to significantly exceed those of the best superconducting qubits. The experimental observation of stable room temperature condensates of exciton polaritons [31, 32] paves the way to realisation of room temperature polariton flux qubits.
Methods

Experimental setup
The experimental setup we used is described in detail in Ref. [16] . A cylindrical micropillar of a diameter of 25 µn is excited non-resonantly by a laser beam (2 µm f u ll width at half maximum) whose position is deliberately shifted from the center of the pillar. Both near-field photolu minescence and interferometry are studied in the polariton lasing regime. The interferometry images are obtained by the combining the image of the condensate with a magnified fragment of the same condensate that constituted a reference spherical wave in a Michelson interferometer. Polarization optical elements (linear polarizers and quarter-and half-wave plates) have been used to measure the spatially dependent components of the Stokes vector of light emitted by the condensate.
Sample details
The sample is f u lly described in Ref. [16] . Four sets of three 10-nm GaAs quantum wells are placed at the antinodes of the cavity electric field to maximize the exciton-photon coupling. The studied 25 µm diameter pillar is characterized by a slight negative photon-exciton detuning of O = -0.5meV. . The reservoir is created by the optical cw pump (green cloud). Polaritons escape from the cavity as a photoluminescence ( orange wavy arrows). c, Schematic of the anticipated phase ( color) and intensity (width of the stripe) distribution in a half-moon polariton condensate. The phase of the condensate jumps by n at the weak link that pins the node of its wave function. d, The possible phase distributions in a half moon polariton condensate containing a node characterised by the phase jump of -n ( orange curves) and +n (purple curves) at the weak link modelled by a smeared 8-like barrier ( the grey dashed curve corresponds to the limit of zero smearing). !(r, 0) , we can now estimate OAM per particle for the observed half-moon condensates as f � 0.56 for the experiment in Fig. 2 and f � -0.54 for the experiment in Fig. 3 of the main text. Fig. S3 ).
